Wireless implantable bioelectronics and accurate in vivo characterization of path loss require efficient and robust in-body antennas. Loading electric antennas with the effective permittivities higher than that of surrounding tissues are a promising solution. In this letter, proof-of-concept conformal microstrip antennas are proposed. The antennas are optimized for a standard impedance of 50 Ω and operate in all high-water-content tissues. Integral ground plane shields the antenna from inner circuitry. The radiation efficiencies are 0. 4%, 2.2%, and 1.2% for the (434,  868, and 1400) MHz designs, respectively, when computed in a ∅100 mm spherical phantom with muscle-equivalent properties. The efficiencies are compared to the fundamental limitations and closely approach them. Specific absorption rates are evaluated, and the corresponding maximum input power levels are established. Prototypes are fabricated and characterized to validate the design.
Dielectric-Loaded Conformal Microstrip Antennas
for Versatile In-Body Applications large animals. In this frame, a wide range of antennas has been recently reported for body-implantable capsule applications, e.g., [9] - [17] . Robustness to heterogeneous and uncertain electromagnetic (EM) properties of tissues was considered in [18] - [21] , and a reconfigurable capsule-conformal antenna without nulls in its radiation pattern was proposed in [22] . Effects of dielectric loading on radiation performance were studied in [23] - [25] . Although high-permittivity ceramics, such as alumina (ε r ≈ 10) or zirconia (ε r ≈ 29), have been applied for miniaturization of in-body antenna superstrates [12] , [14] , [20] , no practical designs have been reported for materials having the higher permittivity than high-water-content tissues (i.e., ε r > 50). Such materials would allow for taking advantage of loading by tissues while reducing losses in the near field [26] , [27] . This letter proposes superstrate-loaded (ε r ≈ 80) capsuleconformal antennas operating at 434, 868, and 1400 MHz. The choice of frequencies is motivated by prior studies on the optimal frequencies for in-body applications [28] . The microstrip designs feature an integral ground plane shielding the antenna from the capsule interior. Therefore, arbitrary configurations of capsule inner components are possible. The antennas are well matched to 50 Ω and operate in all high-water-content tissues (|S 11 | < −10 dB). The proposed antenna structure induces relatively low specific absorption rates (SARs) that allow for the maximum-input powers of about 16 dBm. The antenna design remains simple and conforms to the inner wall of the capsule shell, therefore occupying a small volume. Operating principle of the antenna is discussed, and prototypes are fabricated to validate the design.
II. ANTENNA DESIGN

A. Geometry and Materials
As Fig. 1(a) shows, the proposed designs fit into 29 × ∅9 mm capsule. The shell is made of biocompatible low-loss ceramic with ε r ≈ 80 close to the maximum value encountered in a human body [29] . Such EM properties are characteristic to perovskite materials (barium/calcium titanates in our case). This loading-by-superstrate approach improves waveimpedance matching between the antennas and surrounding tissues [24] and significantly enhances the achievable radiation performance [23] . In view of the limitations on machining precision of ceramics, we used a 1 mm thick capsule shell. Note that decreasing the shell thickness results in a wider bandwidth, but reduces the radiation efficiency. Nonbiocompatible electronics and circuitry are sealed inside the biocompatible 1536-1225 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and nonbiodegradable insulation as in [30] - [32] . For further safety, the capsule can be filled with biocompatible epoxy as in [19] . The antennas are designed to operate on a flexible 101.6 µm thick (4 mil) Rogers 3850HT substrate (ε r = 2.9 and tan δ = 0.002). Low substrate-to-superstrate permittivity ratio results in a higher antenna impedance (this helps achieving 50 Ω matching) and contributes to the radiation resistance [33] . On the other hand, increasing the substrate permittivity enhances the antenna robustness since it would diminish E-field fringing into tissues. Fig. 1(b) shows the geometry of the antennas, and Table I lists the dimensions.
Inserting a flexible substrate into the shell would inevitably create a thin air gap in between. This gap affects the effective permittivity of the antenna medium. In addition to weakened dielectric loading, this impairs the reproducibility since it is difficult to control the gap. One of the ways to address this is to fill the gap with pure deionized water. Having its permittivity close to the shell (ε r ≈ 80), water provides a smooth wave-impedance transition between the surrounding tissues and the antenna [see Fig. 1(c) ]. Water below the ground plane contributes insignificantly to the dielectric loading: As Fig. 2 shows, almost no E-field penetrates into the capsule interior. Since ε r of water is temperature-dependent, we verified its effect on the antenna in the range of 32°C-42°C. First-order Debye model was used for the validation; the results show no significant effect of the temperature (δ|S 11 | < 1%). Note that pure water is used here as a technical proof of concept. For industrial applications of the proposed designs, a more practical solution would be embedding the antenna into the superstrate using ceramic-powder charged polymers or epoxies [34] , [35] .
B. Operating Principle and Miniaturization
The proposed antennas are of a cylinder-conformal microstrip type and are designed to operate similarly to a half-wave patch. The radiating edges are spaced out between two extremities of the cylinder, and such a configuration allows for the improved aperture efficiency. Fig. 2 shows the electric field distribution for the final design: One can observe the antiparallel E-field maxima generated at the cylinder extremities and the zero E-field in the middle of the antenna. The distribution of the surface current density corresponds to a typical patch with the maximum in the middle and the minimum at the edges.
Fitting a λ/2 antenna to a 29 mm long capsule requires miniaturization at all design frequencies f d = (434, 868, 1400) MHz. The miniaturization is partly achieved via dielectric loading by surrounding tissues and the superstrate. A modified H-antenna technique [36] was used to further miniaturize the antenna. The resulting design consists of two identical radiating elements connected by a high-impedance microstrip line [see Fig. 1(b) ]. The latter also contributes to the impedance matching by increasing (Z A ) since a conventional thin-substrate patch antenna would have too low radiation resistance in the high-permittivity medium [37, Ch. 14] . The stepped transition of the radiating elements into the high-impedance microstrip increases the ratio of w 1 to the characteristic impedance [38] , further increasing the electrical size of the antenna. To miniaturize the 434 MHz design, the high-impedance microstrip was meandered and defined as a cubic spline [see Fig. 1(a) ]. The spline interpolates seven equidistant points that span Δy = 17 mm. In the x-coordinate, these points were defined as [0 − w s 2w s − 2w s 2w s − w s 0], and the optimized value of w s = 3.1 mm.
C. Numerical Modeling
We used CST Microwave Studio 2018 to develop the antennas [39] . Detailed description of the numerical approach is given in [40] and [41] . Intersubject body and organ morphologies can vary strongly, and, in general, the exact location of a capsule in living tissues varies with time. Therefore, analyzing the antenna radiation performance in an anatomical phantom is impractical. First, the obtained antenna patterns are difficult to decorrelate from the phantom geometry. Second, since the results depend strongly on the exact location and orientation of the antenna in a given tissue, it impairs the reproducibility of the results. For these reasons, it is important to establish a reference well-characterized phantom so that the results can be reproducible, and different designs can be gauged relatively to the maximum achievable efficiency in a reference phantom. Sphere is an obvious choice as this shape introduces isotropic direction-independent losses conserving the intrinsic radiation pattern independent of the antenna orientation [25] . Moreover, the radiation performance in a simple phantom can be verified experimentally. To study the antenna impedance robustness (or its detuning immunity) to the variation of surrounding tissues, we varied the EM properties of the phantom ranging from the fat equivalent to the cerebrospinal-fluid-equivalent one. Owing to dielectric loading, the designs operate in all high-water-content tissues (i.e., ε r ≥ 40 ∀ f d [29] ) with |S 11 | < −10 dB. Note that the highwater-content tissues include the gastrointestinal ones making the proposed antennas potentially suitable for ingestible applications. In fat, however, |S 11 | ≈ −3 dB due to much lower ε r of fat compared to other soft tissues.
III. ANTENNA PERFORMANCE
The integral ground plane on the bottom layer of the substrate [see Fig. 1(c) ] shields the antenna from the capsule interior, making its performance independent of the device packaging. To confirm this, we simulated the capsule antennas filled with a perfect electric conductor (PEC) cylinder occupying the entire cylindrical volume beneath the antenna. The |S 11 | variation is insignificant (δf res < 1%). Fig. 4 depicts the radiation performance of the antennas. The maximum gains G are (-28.0, -16.0, and -16.1) dBi, and the radiation efficiencies η are 0.4%, 2.2%, and 1.2% for the (434, 868, and 1400) MHz designs, respectively. Reduced η at 1.4 GHz (compared to 868 MHz) is due to the increased power dissipation in tissues. The 434 and 868 MHz designs are omnidirectional with a typical dipolelike pattern of an electrically small antenna. In contrast, the 1.4 GHz design has the directivity D = 4 dBi. Using a single antenna of this type for ingestible capsule applications is thus suboptimal. However, a cylindrical array of such antennas makes it possible to realize beam-steering capabilities. IEEE limits the maximum 1 g SAR to 1.6 W/kg [42] . Simulated 1 g SARs (P in = 1 W, averaging according to IEEE C95.3) are (34.16, 34.40, and 36 .76) W/kg for the (434, 868, and 1400) MHz designs, respectively. The proposed designs can therefore operate safely at the maximum input powers less than (46.8, 46 .5, and 43.5) mW or (16.7, 16.7, and 16.4 ) dBm.
A. Radiation Efficiency Versus Fundamental Limitations
Radiation performance comparison with counterparts requires evaluating all antennas within the same phantom. Moreover, the maximum achievable efficiency of the antenna strongly depends on its size. The direct comparison, therefore, is inadequate. Instead, we propose gauging the design quality in terms of the obtained radiation efficiencies compared to the maximum achievable ones for a given antenna size in a standard phantom. The fundamental limitations on the radiation efficiency η of finite-sized body-implanted capsules have been established in [25] . Fig. 5 benchmarks the proposed designs against the maximally achievable efficiencies of corresponding optimal TM 10 and TE 10 sources in a ∅100 mm spherical muscle-equivalent phantom. The optimal sources have been calculated with the following parameters corresponding to the proposed designs: L = 18 mm, R = 3.5 mm, and T = 1 mm.
Owing to ε r = 80 loading, the 434 MHz design exceeds η of an unloaded TM 10 source (i.e., loaded only by tissues). However, Fig. 5 . Comparison of the proposed designs (red crosses) with the maximal achievable efficiencies of optimal TM 10 and TE 10 sources in a ∅100 mm spherical muscle-equivalent phantom. The efficiencies of the optimal sources have been calculated using the methodology given in [25] for the following source parameters (units: millimeters): L = 18, R = 3.5, and T = 1. Prior to characterization, the capsule is filled with pure water and sealed with a rubber plug (not shown). For the radiation measurements, the coaxial feed is insulated from the phantom with an air-filled ∅10 mm polyamide tube.
higher η can be achieved using a magnetic TE 10 source. The 868 MHz antenna is the most efficient among the proposed ones. It overcomes max(η) of TE 10 and closely approaches TM 10 . The radiation efficiency of the 1.4 GHz design is below max(η) of both TM 10 and TE 10 . Its increased directivity [see Fig. 4(d) ] implies the existence of higher order modes. It results in elevated power dissipation in the near field of the antenna [27, Fig. 6 ]. However, narrow w 1 makes it possible to form a circular array around the capsule.
IV. PROTOTYPING AND EXPERIMENTAL CHARACTERIZATION
Laser ablation technique (LPKF ProtoLaser S) was used to pattern the antenna designs on the 101.6 µm thick (4 mil) Rogers ULTRALAM 3850HT substrate [see Fig. 6(a) ]. The resulted antennas were inserted into a 28×ø9 mm ceramic shell (TCI Ceramics "K-80" [43] , ε r = 80 ∀ f d ) and sealed.
For the impedance and radiation characterization, we prepared liquid muscle-equivalent phantoms for each f d . We used a water-sugar-salt formula [44] to achieve target EM properties. Pure deionized water was the bulk component of the phantom, sucrose (C 12 H 22 O 11 ) reduced the permittivity, and sodium chloride (NaCl) increased the conductivity. EM properties were validated using an SPEAG DAK-12 probe [45] . Fig. 3 demonstrates very good agreement in terms of the reflection coefficients |S 11 | of the fabricated antenna prototypes with the corresponding numerical results. The highest deviation of δf d ≈ 7% for the 434 MHz design could be attributed to relatively low tolerances of the laser ablation method for patterning of the 0.18 mm wide high-impedance transition [see Fig. 6(a) ]. More precise manufacturing-such as photolithography-could further improve the agreement.
To characterize the radiation performance, we used a previously proposed approach [14] . The AuT is centered inside a ∅100 mm spherical glass jar containing a muscle-equivalent phantom [see Fig. 4(a) ]. An analog electro-optical convertor [46] feeds the AuT via an optical fiber that replaces the RF cable inside an anechoic chamber and thus minimizes the signal distortion. AuT is located at the distance d = 3 m from the measurement antenna, fulfilling the far-field criterion of d > 2λ ∀ f d . The radiation was measured in the azimuth plane for θ ∈ [90 • , 270 • ] due to the positioner angle limitations (see [14] ). To derive the antenna gain from the obtained data, the gain substitution technique was used. A reference antenna of a known gain [47] substituted the AuT, and the measured gain of the reference antenna was used to calibrate the results. Fig. 4(b)-(d) shows the far-field characterization results. The maximum measured gains G are (-25, -18, and -17) dBi for the (434, 868, and 1400) MHz designs, respectively. The radiation patterns and maximum gain values are consistent with the simulated ones.
V. DISCUSSION AND CONCLUSION
This letter proposes a family of in-body capsule-conformal microstrip antennas. Dielectric loading by a capsule shell with its permittivity (ε r ≈ 80) greater than that of surrounding tissues was applied for the first time. This approach is based on the theoretical findings [25] that predicted higher maximum achievable in-body radiation efficiencies of dielectrically loaded electric (i.e., E-coupled) antennas than the magnetic ones. Note that magnetic in-body antennas still show better efficiency when electrically small (see Fig. 5 ). Choosing a microstrip design among other E-coupled antennas improves robustness to the inner circuitry and adjacent tissues [14] , [19] , [20] . The proposed designs feature an integral ground plane without any aperture, making it fully shielded from the capsule interior. This has a double benefit of improving the EM compatibility and making the antenna impedance independent of the inner capsule components (e.g., batteries, circuits, and sensors). The proposed designs, therefore, demonstrate the feasibility of robust and efficient dielectric-loaded in-body capsule-conformal antennas.
The H-antenna miniaturization approach used in this letter has its limitations. Specifically, for a given capsule size, further reducing the operating frequency (f 400 MHz) would result in too low radiation resistance and therefore difficulty to attain (Z A ) = 50 Ω. On the other hand, higher frequency designs, such as 2.45 GHz, do not require miniaturization as only the dielectric loading suffices in this case. Simple conformal patchantenna designs could be therefore synthesized. The proposed designs (both in planar and conformal realizations) can also find their applications in other nonmedical fields where establishing robust communication links is required with devices in highpermittivity and lossy environments.
